Objective: Little is known about the (peri-) ictal changes in autonomic nervous system activity of epileptic seizures. Such information may be useful for seizure prediction paradigms and differential diagnosis between epilepsy and psychogenic non-epileptic seizures (PNES). The current study investigated the peri-ictal time course of heart rate variability (HRV) measures, which reflect autonomic nervous system functioning.
Introduction
Epileptic seizures result from brief episodes of abnormal excessive and synchronous neuronal activity in the brain. Examination of heart rate variability (HRV) parameters, which reflect (co-)activation of the sympathetic and parasympathetic branches of the autonomic nervous system in epilepsy, has previously identified altered sympathetic and vagal tone during interictal and ictal states [1] [2] [3] [4] [5] [6] [7] . These findings may have important meaning for our insight in the prognosis of epilepsy. For example, the ictal reduction of the vagal tone that has been repeatedly observed has been suggested to be one of the reasons for sudden unexpected death in epilepsy (SUDEP) [8, 9] .
A more detailed analysis of how HRV parameters change in the immediate pre-ictal period may be useful for seizure prediction paradigms, which could be used in vagal nerve or deep brain stimulators or for the purpose of real time seizure detection in physiological monitoring devices [6] . Therefore, the current study examined the peri-ictal HRV pattern associated with epileptic seizures. In addition, we investigated peri-ictal HRV patterns of psychogenic non-epileptic seizures (PNES), which are epilepsy-like episodes that lack epileptiform brain activity on the electroencephalogram (EEG), but instead originate from psychogenic factors [10, 11] . Differences between the peri-ictal patterns of HRV changes in epilepsy and PNES were explored, in order to examine whether HRV measures could be useful for differential diagnosis.
Materials and Methods

Study population
The study population consisted of 17 patients with epilepsy (4M/ 13F), who were compared with a group of 20 patients with PNES (2M/ 18F). All patients had been previously monitored with video-EEG for 1-7 consecutive days in the Reference Centre for Refractory Epilepsy of Ghent University Hospital in Belgium. The diagnoses of epilepsy and PNES were based on the analysis of at least two episodes captured on video-EEG by two epileptologists with extensive experience in this field (>10 years experience). Patients with dual pathology (epilepsy and PNES), were also included in the PNES group when epileptic seizures were controlled and when the PNES were confirmed by video-EEG monitoring. Exclusion criteria were uncertainty about the diagnosis and comorbid psychiatric disorders (e.g. mood and anxiety disorders, schizophrenia and psychosis, and substance-related disorders). The investigation received ethical approval by the Medical Ethical Committee of Ghent University.
Electrocardiogram recordings
The ECG was recorded throughout the video-EEG monitoring period (1-7 days) with a two-lead channel of the Micromed EEG system (Micromed S.p.A., Mogliano Veneto, Treviso, Italy). For the monitoring period, patients were in supine position in bed or on a chair during the day, and lying down in bed during the night. The start and end of epileptic seizures were defined by an epileptologist based on epileptiform brain activity on the EEG. The start and end of a PNES episode were defined by the associated motor symptoms (verified by the video recordings), which were often accompanied by unresponsiveness.
Heart rate variability analysis
HRV measures were derived according to the recommendations of the task force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology [12] . ECG data were exported in European Data Format (EDF, [13] ) from the Micromed reporting system. These EDF files were imported in Matlab (Mathworks Inc., Natick, MA, USA). Custom-built Matlab scripts were used to subsequently carry out R-peak detection, model-based validation and -if necessary -correction of the list of subsequent RR intervals (tachogram) and HRV parameter calculation.
Two time-domain measures of HRV were calculated: SDANN (standard deviation of the average beat-to-beat intervals) and RMSSD (square root of the mean squared difference of successive beat-to-beat intervals). SDANN in general reflects the overall cyclic nature of HRV (the more sinusoidal the tachogram is, the higher SDANN), and is considered to be a measure for overall variability. RMSSD is considered to be a measure for vagal control of heart rate but also includes respiratory sinus arrhythmia, i.e., the local, intra-thoracic effect in HR fluctuations caused by respiratory pressure change during breathing.
Frequency-domain measures of HRV were calculated, using Fast Fourier Transformation to derive the spectral distribution. Indices included high-frequency (HF) power (0.15-0.40 Hz), low-frequency (LF) power (.04-.15 Hz), and very low frequency (VLF) power . Efferent vagal activity is a major contributor to the HF component, as has been consistently demonstrated by clinical and experimental observations [14] [15] [16] . Consequently, HF power can be seen as a reliable index of parasympathetic nervous system activity. The interpretation of the LF component is more controversial; some studies suggest LF power to be a marker of sympathethic modulation [16] [17] [18] [19] , while others conclude LF power to be a parameter that includes both sympathetic as vagal influences [14, 20] . As a result, it is unclear whether the ratio of the latter two indices (LF/HF), can be regarded as a measure of sympathovagal balance or of sympathetic modulations. The physiological correlates of lower frequency components (VLF) of HRV are still unknown [12] .
Quantitative analyses of Poincaré plot parameters were also performed. The Poincaré plot is a plot of RR(n) on the x-axis versus RR(n+1) on the y-axis; it plots the duration of each RR interval against the duration of the next RR interval. The technique most commonly used to quantify a Poincaré plot is fitting an ellipse to the plot [21] [22] [23] [24] . We obtained the standard deviation of instantaneous inter-beat interval (IBI) variability, SD1 (which measures the width of the Poincaré cloud) [24] [25] [26] [27] , the standard deviation of continuous longterm IBI variability, SD2 (which measures the length of the Poincaré cloud) [24] [25] [26] [27] as well as the SD1/SD2 ratio. SD1, as a measure of instantaneous changes in IBI, is assumed to reflect vagal efferent activity [24] , whereas SD2 expresses the overall variability in heart rate [28] .
Statistical analysis
To examine patterns of HRV measures circa 1 hour before and circa 1 hour after seizures, twelve intervals (of approximately 5 minutes each) that preceded and followed the seizures were selected. Since it was not possible to select 25-26 intervals in total for all seizures (12 pre-ictal intervals, 1-2 ictal intervals, and 12 post-ictal intervals) due to the occurrence of another seizure in a short time window or the removal of intervals which were disturbed by artefacts, n differed per interval. Therefore, conservative non-parametric tests were used. To prevent patients with a high number of seizures from dominating the average, the intervals were first averaged per patient before inclusion in the within-subject analysis, resulting in an n = 17 for the epilepsy group and n = 20 for the PNES group. After visual inspection of the plotted averages of the HRV parameters, related-samples Wilcoxon signed-rank tests were used to test for statistical differences between all selected intervals. To assess differences between patients with epilepsy and patients with PNES for HR and HRV parameters, independentsamples Mann-Whitney U tests were carried out. P-values < 0.05 were considered statistically significant.
Results
Demographic and clinical characteristics
The study population included 17 patients with epilepsy (13 women, 4 men, age 37.7 ± 17.4, number of seizures during registration 4.7 ± 3.0), with a seizure total of 80, who were compared with 20 patients with PNES (18 women, 2 men, age 35.7 ± 10.4, number of seizures during registration 5.9 ± 5.7), who had a total number of 118 PNES episodes during video-EEG monitoring. Demographic information and clinical characteristics of the patients with epilepsy are summarized in Table 1 Heart rate and heart rate variability parameters
The average heart rate and heart rate variability measures are summarized in Table 2 and Figure 1 . Non-parametric related-samples testing demonstrated no significant changes in HR and HRV parameters shortly before epileptic seizures. During seizures, HR (p=0.003) and SDANN (p=0.005) significantly increased while VLF power significantly decreased (p=0.002). In the five-minute interval immediately following seizures, HR and SDANN were back to preseizure levels, while VLF power remained significantly decreased compared to the pre-seizure interval (p=0.009).
In the 5-minute interval preceding PNES, there was a significant increase in HR (p=0.037) and a significant decrease in SDANN (p=0.028) and VLF power (p=0.026). During PNES, there was a significant increase in HF power (p<0.001). In the interval following PNES, SDANN (p=0.001) and VLF power (p=0.001) were increased and HR (p=0.037) was decreased, compared to the pre-seizure interval. Table 2 : Descriptive statistics of heart rate and heart rate variability parameters. Results are reported as Mean (SD). Abbreviations: HR=heart rate, RMSSD=root mean square of successive differences, SDANN=standard deviation of average beat-to-beat intervals, VLF=very low frequency, LF=low frequency, HF=high frequency, SD=standard deviation. * =Significant between-group differences for p<0.05. **=Significant between-group differences for p<0.01. Within-group differences are described in the text. 
Poincaré plot parameters
Non-parametric related-samples tests indicated no significant changes in Poincaré plot parameters shortly before epileptic seizures. During seizures, SD1 (p=0.005) and SD1/SD2 ratio (p=0.01) significantly increased. In the five-minute interval immediately following seizures, SD1 decreased to pre-seizure levels, while SD1/SD2 ratio remained significantly increased compared to the pre-seizure interval (p=0.019).
In the first interval of PNES episodes, significant increases in SD1 (p=0.010) and SD2 (p=0.019) were observed. In the interval following PNES, the SD1/SD2 ratio significantly decreased when compared to the pre-seizure interval (p=0.044).
Comparison between epileptic seizures and PNES episodes
Non-parametric independent-samples tests demonstrated significantly higher pre-ictal SD1/SD2 ratios in patients with epilepsy compared to patients with PNES. Ictal RMSSD, HF power, LF power and SD2 were significantly higher in patients with PNES compared to patients with epilepsy. SDANN, LF/HF ratio and SD1/SD2 ratio were significantly higher in patients with epilepsy. No significant betweengroup differences were identified for the post-ictal HRV parameters.
Discussion
The current study examined differences in cardiac autonomic functioning associated with the occurrence of epileptic seizures. Cardiac measures were recorded during video-EEG monitoring. Significant ictal changes in HRV measures were identified: an average increase in heart rate, SDANN, SD1 and SD1/SD2 ratio and a decrease in VLF power were observed. In the five minutes directly after the seizure, heart rate, SDANN and SD1 returned to pre-seizure levels, while VLF power remained significantly decreased and SD1/SD2 ratio remained significantly increased compared to the interval preceding the seizure. No significant changes were identified in the pre-ictal interval or in intervals distant from the seizure.
Comparison with previously identified peri-ictal HRV patterns of patients with PNES resulted in significant between-group differences in pre-ictal SD2 and SD1/SD2 ratio and ictal RMSSD, SDANN, LF power, HF power, LF/HF ratio, SD2 and SD1/SD2 ratio. No significant differences were identified in post-ictal HRV parameters.
Clinical interpretation
The ictal increase in heart rate suggests an increase in sympathetic functioning and reduced vagal tone during epileptic seizures, which is consistent with previous findings reported in literature [2, 6] . In contrast, the Poincaré plot parameter SD1 increased, which is assumed to reflect elevated vagal tone. The increase in SDANN and decrease in VLF power are more difficult to interpret, since the exact physiological correlates are still unknown. However, it has been shown that SDANN is heavily influenced by physical activity [29] [30] [31] , which may explain the ictal changes.
It has been suggested that the ictal reduction of the vagal tone may be one of the reasons for sudden unexpected death in epilepsy (SUDEP), although very few SUDEP cases have been reported during video-EEG (and ECG) monitoring and the exact mechanism leading to the seizure-related cardiac arrest remains unclear [8] . Specific factors may predispose patients with epilepsy to parasympathetic dysfunction and form possible reasons for extra supervision, such as use of carbamazepine [32] . averages over 5-minute intervals; we did not assess the dynamics of the change from the pre-ictal to the ictal HRV profile on ms-sec level. Our study can therefore not be compared with the findings of Jeppesen et al. [4] , who identified specifically high HF power 10 seconds preceding seizure onset in three patients with temporal lobe epilepsy. Possibly, pre-ictal changes in HRV parameters only emerge seconds before the seizure and are therefore missed by our research design.
In contrast, findings of Behbahani et al. [7] , do suggest that the 5-minute interval preceding a seizure can be considered as prediction time for designing an algorithm of early detection of seizure onset based on HRV. They observed increased heart rate, LF/HF ratio and SD1/SD2 ratio 30 minutes before the seizure, and an even stronger increase 5 minutes before the seizure, when compared to 240 minutes before the seizure. As a consequence, we must not exclude the potential of HRV parameters as measured on a 5-minute time-scale as seizure predictors; possibly other factors such as small n or heterogeneity of the study population have negatively influenced our ability to identify significant pre-ictal HRV changes. Future investigation of HRV changes measured in seconds or milliseconds and in larger patient populations would be particularly interesting for seizure detection uses.
Implications for differential diagnosis
Differential diagnosis between epilepsy and psychogenic nonepileptic seizures has been proven to be complicated; the period between the onset of PNES and the eventual diagnosis is often more than 6 years [33] . The initial misdiagnosis as epilepsy has serious consequences for patients with PNES, such as exposure to unnecessary antiepileptic medication, and also has a substantial societal burden, as it causes the patients to consume a disproportionate amount of scarce medical resources [34] and erroneous treatments for intractable epilepsy are expensive [35] .
For these reasons, it is important to identify factors that can accurately differentiate between PNES and epilepsy. Ponnusamy et al. [6] were the first to compare the autonomic nervous system functioning of patients with epilepsy and patients with PNES. They identified significantly lower heart rate and higher RMSSD, LF power and HF power during PNES episodes compared with epileptic seizures, and demonstrated that the altered ictal HRV parameters could be used to differentiate epileptic seizures from PNES. Their findings are similar to the between-group differences that were identified in the current study, although their study design was not suited to draw conclusions about peri-ictal changes in HRV parameters. The results of the current study suggest that, in addition to ictal between-group differences, pre-ictal differences in HRV parameters may also be possible factors to distinguish epileptic seizures from PNES.
Limitations
We have carried out a relatively high number of statistical comparisons on a relatively modest dataset. The small study population may have led to type I errors (false negatives) due to lack of power, while the relatively large amount of comparisons may have resulted in type II errors (false positives). Also, the small n may have led several of the HRV averages to fall outside the 95% confidence interval, although the confidence intervals show the same trends as shown by the averages. Furthermore, the study population of patients with epilepsy was very heterogeneous, since multiple seizure types were included, each of which may have a distinctive influence on heart rate and heart rate variability. However, in view of the exploratory nature of this first study of the peri-ictal pattern of HRV parameters we thought it was appropriate to report our findings in this form.
Conclusion
Accepting the limitations, our data show that epileptic seizures are associated with increased heart rate, indicating an increased sympathetic tone and reduced vagal tone. HRV parameter changes are more difficult to interpret and need further investigation. The between-group differences that were identified between epileptic seizures and PNES even suggest that, after replication of our findings by future research, it may even be possible to identify peri-ictal HR(V) signatures with sufficient specificity to aid in the differential diagnosis between epilepsy and PNES.
